Unique properties of plasmas in the tokamak edge, such as large amplitude uctuations and plasmawall interactions in the open-eld-line regions, require major modications of existing gyrokinetic codes originally designed for simulating core turbulence. To this end, the global version of the 3D2V gyrokinetic code GENE, so far employing a δf -splitting technique, is extended to simulate electrostatic turbulence in straight openeld-line systems. The major extensions are the inclusion of the velocity-space nonlinearity, the development of a conducting-sheath boundary, and the implementation of the LenardBernstein collision operator. With these developments, the code can be run as a full-f code and can handle particle loss to and reection from the wall. The extended code is applied to modeling turbulence in the Large Plasma Device (LAPD), with a reduced mass ratio and a much lower collisionality. Similar to turbulence in a tokamak scrape-o layer, LAPD turbulence involves collisions, parallel streaming, cross-eld turbulent transport with steep proles, and particle loss at the parallel boundary.
As shown in our previous study 25 based on a 1D1V code extracted from the 3D2V GENE code, by including the parallel nonlinearity and combining it with the corresponding linear term in a nite-volume discretization, the δf -splitting causes no numerical diculties in handling the large-amplitude disturbances. In the present study, the same approach is taken for the 3D2V δf code, which then becomes equivalent to and can be run as a full-f code. Second, an open parallel boundary is implemented to account for plasma sheath eects in gyrokinetic sim-
ulations. The open boundary takes a conducting-sheath boundary model, in which the particle loss to and reection from the wall are determined by the electrostatic potential at the simulation domain edge, and net currents are allowed to ow through the boundary freely. This sheath model was introduced by Shi et al.
12 and implemented in the Gkeyll code, which features a discontinuous Galerkin (nite-element) method. In the present study, this model is implemented in the context of a nite-volume method. Since plasma sheath beyond the boundary is not resolved, the distributions and potential are reconstructed by using local polynomials to interpolate the data inside the domain, in order to evaluate the outgoing particle ux and the parallel nonlinearity near the boundary. Third, the LenardBernstein collision operator acting on full-f is implemented. The implementa-tion utilizes a nite-volume discretization structure that has been used for the linearized Fokker-Planck collision operator acting on δf . The number density and energy are conserved numerically. The collision operator contains pitch-angle scattering and velocity-space diusion that preferentially damps small scale structures. The present extensions provide GENE with essential capabilities to simulate SOL plasmas and constitute an initial eort for future comprehensive modeling of edge plasmas.
To test the extensions, the code is applied to a test case of electrostatic plasma turbulence in the Large Plasma LAPD plasma are presented in Sec. IV. Section V contains conclusions and a discussion on future work.
II. BASIC EQUATIONS
By taking the electrostatic limit and the zero-Larmorradius limit, the gyrocenter distribution in a straight eld line geometry is evolved according to 22, 23 ∂f
where the E × B velocity is v E = c B0b 0 × ∇φ. In the global version of GENE, the gyrocenter distribution for species s is split into a static background depending on the x-coordinate and a uctuation part F s x, v , µ, t = F 0s x, v , µ + f s x, v , µ, t . Note that the last term is the parallel nonlinear term that is typically neglected for core plasmas due to the ordering f s /F 0s 1.
For the purpose of consistent discretizations, we combine the parallel nonlinear term with the parallel linear term, the E × B nonlinear term with the E × B driving term, to obtain
Hereafter, the three terms on the right-hand side are termed the free-streaming term, the parallel nonlinear term, and the E × B nonlinear term, respectively. The free-streaming term combined with the parallel nonlinear term describe the dynamics parallel to the magnetic eld lines, while the E × B nonlinear term describes the perpendicular dynamics.
By substituting the E × B velocity, introducing the eld-aligned-coordinates with B 0 = C∇x × ∇y and J −1 = B 0 · ∇z/C, and adding a collision term, the equation becomes
In this work, the LenardBernstein collision operator 12, 34 acting on full-f is applied,
The samespecies collisions, including electronelectron (ss = ee) and ionion (ss = ii) collisions, thermalize the distribution function to a local Maxwellian, contain pitch-angle scattering and velocity-space diusion, and conserve density, momentum, and energy. Standard expressions for the collision frequencies are used, ν ee = 
where the long-wavelength limit (k ⊥ ρ i 1) has been taken. The gyro-averaging is neglected in calculating the gyrocenter density, which is dened as
The potential φ is a nonlinear function of density because of the polarization charge density term. As an initial step for code developments, the nonlinear term is linearized by replacing the ion gyrocenter density n i (x) with the background ion gyrocenter density n i0 , which is taken to be a constant in space and time, as done by Shi et al.
.
Thus the linearized Poisson equation solved in the code
We plan to implement a fast solver for the nonlinear Poisson equation (5) in the future (see a discussion on this in Sec. (V)).
III. NUMERICAL IMPLEMENTATION
The gyrokinetic equation (3) Below discretizations of the parallel dynamics, the parallel boundary, and the collisions are described. We note that they are expressed in real space in both x-and ycoordinates; the forward and backward Fourier transformations along y-coordinate are applied wherever necessary.
A.
Discretization of the parallel dynamics
The discretization of the dynamics in the parallel phase space z, v is similar to that used in our previous work based on a 1D1V code 25 . For the purpose of describing sheath boundary conditions, we briey summarize it.
First, the parallel dynamics is reformulated in a conservative form,
where the free-streaming ux and parallel nonlinear ux are dened, respectively, as
and
Second, the spatial and velocity derivatives are discretized with a nite-volume method. Integrating Eq. (8)
This results in a third-order upwind scheme for the freestreaming term,
The species index s and the parallel velocity index l 
To account for the sheath eects on the plasma, a
conducting-sheath boundary model is introduced by Shi et al.
12 . In this model, the sheath potential is determined from the turbulence in the plasma, and the electron cuto velocity v c is calculated from the potential drop according to
2e ,
where the sheath potential φ sh = φ (x, y, z = ±π) at the upper (z U = π) and lower (z D 
where z and not exactly on a cell edge.
The fraction of electrons reected in the cuto cell is approximated as is evalu-
The second identity is valid because the rst-order upwind ux is used for the last cell. The upwind ux representing particles reected from the wall at
where 
where the weights of the grids are dened as ∆µ m = µ m+
and ∆v ,l = v ,l+ , v ,l+
in velocity space,
Ψ µ,l,m+
where l = 1, 2, ..., N v , m = 1, ..., N µ , and α ss = v 2 T,ss is introduced.
Similar to the implementation of the FokkerPlanck collision operator on δf , the implementation of the LenardBernstein collision operator on full-f conserves the density by setting the uxes at the boundaries.
Specically, the density change due to each type of collision can be expressed as
By setting Ψ v , = 0 for l = 1, 2, ..., N v , the density change is identically zero due to cancellations in the telescope sums.
The approach to conserving energy numerically is to treat α ss as a free parameter, rather than directly evaluate it from its denition α ss = v 
where the density conservation is used. By requiring the energy change to vanish, the parameter α ss is solved for each type of collision.
We tested the implementation of the collision operator with a drifted-Maxwellian distribution, and conrmed that the density and energy are conserved to machine precision, and that α ss solved from the energy conservation condition is close to the value evaluated from its denition.
IV. SIMULATION OF LAPD TURBULENCE
A. Simulation setup
To test the extensions, we select the setup with LAPDlike parameters used in the gyrokinetic study by Shi et al.
.
The authors modied and adopted the setup from the earlier Braginskii-uid study by Rogers and Ricci
The nominal parameters are T e0 = 6 eV, T i0 = 1 eV, 12 , the electronelectron and electronion collision frequencies are reduced by a factor of 10 to increase the time steps. After the reduction, the electron mean-free-path is L mfp = v T e /ν ee ≈ 0.57 m (using n e = n 0 and T e = 3 eV), hence L mfp /L z 1.
In our simulation, the electronelectron and electronion collision frequencies are reduced by a factor of 100. Correspondingly, the ionion collision frequency is reduced by a factor of 10. Hence the electron mean-free-path is smaller than but comparable with the parallel length of the box; our simulation is marginally collisional.
To describe the initial conditions and the source term, we dene A (r; c) as a function that falls from the peak value of 1 at r = 0 to a constant value c for r > L ⊥ /2,
where r = x 2 + y 2 . The initial density prole for both ions and electrons is chosen to be n 0 A (r; c = 1/20). 
B. Simulation results
Before presenting the results, we caution the readers that we do not claim our simulation is a realistic representation of the experiments, for two major reasons. The statistics of density uctuations are presented in Fig. 6 . The density uctuation is dened asñ e (x, t) = n e (x, t)−n e (x), where the time-averaged density is sub- Fig. 8(e) , the depletion eect at velocities greater than the cuto velocity becomes clearly visible.
By checking the distribution functions at dierent locations along the eld line, we found that the depletion eect becomes weaker and gradually disappears as the probe is moved farther away from the boundary. For example, the distribution becomes nearly symmetric about v = 0 at z = 6 m ( Fig. 8(g) ). The positive shift is not visible in the normalized electron distribution because the electron reference thermal velocity is much larger than the drift velocity, but it is clearly seen in the ion distribution function at the boundary (Fig. 8(i) ). The deple-tion eect is not present in the ion distribution function probably because the streaming loss of ions is too weak to compete with the collision diusion. Finally, we note that the distribution functions appear to be well-resolved in v , and improvements are expected by increasing the resolution in µ to better resolve the high-µ portion, as indicated by Fig. 8(f in the averaged potential prole. This is understandable because the averaged potential at the sheath entrance needs to satisfy the condition φ sh ∼ 3T e to reect most of the electrons to give an electron ux close to the ion ux to the wall; changing n i0 will just change the small dierence between the electron density and the ion guiding center density that is needed to maintain the sheath potential. In addition, it is found that the maximum uctuation level in the potential is reduced slightly from ∼ 16% to ∼ 14%. Although the turbulence appears to be insensitive to the change in n i0 , we plan to develop a eld solver to use a spatially dependent ion density in a quasi-steady state, or update the ion density in every time step to remove this limitation.
The latter approach requires a fast iterative solver based 
